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BORON CARBIDE COMPONENT AND 
METHODS FOR THE MANUFACTURE 
THEREOF 
RELATED APPLICATION 
This application is based on and claims benefit of U.S. 
2 
In U.S. patent application Ser. No. 10/867,442, assigned to 
the assignee of the present invention, the subject matter of 
which is incorporated by reference, a method is disclosed 
whereby boron carbide can be sintered through pressureless 
sintering without intentional addition of sintering agents. 
While pressureless sintering according to Ser. No. 10/867, 
442 can result in high relative densities, graphite may still be 
present in the sintered boron carbide body. The graphite so 
present is native meaning that its presence is not due to the 
Provisional Application Ser. No. 60/670,050, filedonApr. 11, 
2005, entitled PRESSURELESS SINTERING OF BORON 
CARBIDE, to which a claim of priority is hereby made and 
the disclosure of which is incorporated by reference. 
BACKGROUND OF THE INVENTION 
10 addition of any intentionally added (non-native) sintering 
agents added to the B4C powder to promote sintering. Rather, 
the native graphite may appear because of the volatilization of 
B4C, or it may appear due to the presence of excess carbon 
(carbon in excess of the required stoichiometric B4 C) in the 
Boron carbide (also referred to here as B4 C) is the third 
hardest material next to diamond and cubic boron nitride. 
Combined with its low theoretical density (2.52 g/cm3 ), B4 C 
15 B4C powder. 
It is commonly-known by those knowledgeable in the field 
that the hardness ofB4C decreases precipitously with increas-
ing content of free carbon (graphite) second phase. Because 
harness is an important property of B4C it is desirable to 
is the premier material for personal armor-typically in the 
form of front and back flat plates which are bonded to a 
polymer backing and used as ballistic inserts in flack jackets. 
B4 C is also used for nuclear shielding applications because of 
boron's high neutron absorption cross-section. In addition, 
B4 C is used in particulate form as an abrasive, and as a nozzle 
material for slurry pumping and grit blasting because of its 
excellent abrasion resistance. 
20 remove as much of the graphite as possible. 
Furthermore, in a method according to prior art high isos-
tatic pressing was applied in order to increase the relative 
density of the pressureless sintered B4 C bodies. It is desirable 
to increase the relative density of the pressureless sintered 
25 boron carbide bodies to improve the mechanical properties 
thereof. Effective ballistic armor materials must have very high 
hardness combined with high fracture toughness. When a 
high-velocity projectile makes contact with the surface of a 
ballistic material such as B4 C, a compressive shock wave 
extends hemispherically from the point of contact, generating 30 
tensile, tangential stresses which cause radial cracks that 
emanate from the point of contact. These tangential stresses 
tear open cracks, preferentially at the site of pores and fis-
sures. Therefore, ballistic performance ofB4 C improves with 
decreasing porosity, i.e. with increasing fired relative density. 35 
Achieving near-theoretical density has required gang-hot 
pressing (stacked parts under pressure). Hot pressing does not 
allow forthe cost effective fabrication of complex shapes. For 
example, the fabrication of form-fitting body armor parts 
would require machining after the hot pressing process, 40 
which is expensive and technically difficult. 
Complex shapes (including form-fitting parts) are possible 
with pressureless sintering. According to the prior art, agents 
such as carbon, SiC, Al2 0 3 , TiB2 , AlF 3 and W 2B5 have been 
used as sintering agents in pressureless sintering to increase 45 
the sintered density. However, second phases due to the 
agents often have deleterious effects on the mechanical 
behavior ofB4 C. 
The best known sintering agent for B4C is carbon. Accord-
ing to one prior art method, phenolic resin is used as a source 50 
of carbon. The carbon from the phenolic resin is distributed 
around the B4 C particles, and also serves as a pressing agent. 
Relative densities up to 98% have been obtained using 
carbon as a sintering agent. Carbon, when used as a sintering 
agent in pressureless sintering, however, promotes undesir- 55 
able secondary phases and materials such as graphite which 
adversely affect the mechanical properties of the B4 C. 
Pressureless sintering ofB4 C without sintering agents has 
been difficult. Schwetz et al. in U.S. Pat. No. 4,195,066 cites 
to studies in which B4 C has been pressureless sintered at near 60 
melting temperatures. However, the resulting material suf-
fered in one study from low relative densities, and in the other 
study from poor mechanical properties compared to materials 
produced by hot pressing. In addition, Schwetz et al. noted 
that because the process required reaching close to the melt- 65 
ing temperature ofB4 C it impaired the dimensional stability 
of the specimens. 
SUMMARY OF THE INVENTION 
It is an object of the present invention to provide a sintered 
boron carbide body having a low graphite content. 
It is another object of the present invention to decrease the 
concentration of graphite of the near surface regions of a B4C 
body in order to improve the exterior hardness thereof. 
Another object of the present invention is to increase the 
relative density of a pressureless sintered B4C body without 
the addition of sintering agents. 
According to one aspect of the present invention a B4C 
component is made from a boron carbide body, which 
includes a native graphite phase, having an exterior surface 
and a center region, in which the concentration of graphite in 
a region adjacent the external surface is less than the concen-
tration of graphite at the center region. 
In one embodiment of the present invention, the region 
adjacent the exterior surface is essentially free of graphite, 
meaning that presence of graphite in the region cannot be 
detected through X-ray diffraction. 
Furthermore, in the preferred embodiment of the present 
invention, the boron carbide body does not include any phases 
resulting from a non-native sintering agent in that a process 
for forming a boron carbide body according to the preferred 
embodiment does not necessitate the use of a sintering agent. 
Therefore, the preferred embodiment, other than impurities, 
residues, or phases resulting from elements native to the 
starting material (e.g. graphite), only includes stoichiometric 
B4C. 
A B4C body according to the present invention is a part of 
an armor arrangement. For example, a B4 C body according to 
the present invention may part of a personal armor such as a 
helmet or an armor part that follows the contours of a part of 
a human body (male or female) such as a human head, torso, 
back, groin, arm, leg, shoulder, or hip. 
A method for preparing a boron carbide body according to 
the present invention includes forming a boron carbide green 
body, creating a boron-rich vapor environment around the 
boron carbide body to suppress preferential volitalization of 
boron from boron carbide, and sintering the boron carbide 
US 7,854,190 B2 
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body. To create a boron-rich vapor either the boron vapor 
from the boron carbide body can be restricted or prevented 
from escaping by placing a boron nitride body in the proxim-
ity of or in contact with the boron carbide body, or by packing 
the boron carbide body in coarse-grained boron carbide 
which creates a boron-rich vapor from which the specimen 
benefits and yields a favorable result. 
. In the preferred embodiment, the boron carbide green body 
1s free from a non-native sintering agent. 
Furthermore, preferably, pressureless sintering techniques 10 
?re e~ployed to sinter a green body according to the present 
mvent10n. In one preferred embodiment, the pressureless sin-
tering includes heating the boron carbide green body at a first 
heating rate to a first soak temperature for a first period of time 
followed by heating the boron carbide body to a second soak 15 
temperature at a second heating rate for a second period of 
time, and then cooling said boron carbide body at a cooling 
rate. During the first period, the boron carbide body may be 
heated in vacuum or in the presence of a He/H2 gas mixture. 
4 
FIGS. 3-8 illustrate examples of components according to 
the present invention. 
FIG. 9 shows XRD plots for the surface region of several 
boron carbide specimens. 
FIG. 10 shows XRD plots for the central region of several 
boron carbide specimens. 
DETAILED DESCRIPTION OF EMBODIMENTS 
OF THE INVENTION 
Referring to FIGS. 1and2, a B4C component according to 
an embodiment of the present invention is made from a boron 
carbide body 10 having a native graphite phase. Boron car-
bide body 10 includes an exterior surface 12 and a center 
region 14. According to one aspect of the present invention 
the concentration of graphite in a low graphite concentration 
region 16 adjacent the external surface is less than the con-
centration of graphite at the center region 14. Thus, center 
region 14 is surrounded by low graphite concentration region 
16. Preferably, low graphite concentration region 16 is essen-
tially free from graphite meaning that region 16 does not 
include enough graphite detectable by X-ray diffraction 
(XRD). It is believed that the current state ofXRD equipment 
can detect graphite as little as about 0.05%-1 % (by mole). 
Low graphite concentration region 16 may be any thickness. 
In the examples disclosed herein graphite was not detectable 
by XRD, which can penetrate about 25 microns into boron 
carbide body. Thus, low graphite concentration region 16 can 
be at least 25 microns thick. 
Furthermore, in the preferred embodiment of the present 
If the boron carbide body is soaked in the presence of the gas 
mixture, it is preferred to have the boron carbide body soak 
20 
for an additional period of time in the presence of He or in 
vacuum in order to purge H2 from interstitial location, within 
the body of the boron carbide. In order to create the boron-rich 
vapor, in one embodiment the He flow rate may be reduced to 
prevent the boron vapor from escaping. The first heating rate 25 
may be in the range 50°-150° per minute, and the first soak 
temperature may be in the range 1100°-1400° C., while the 
second heating rate may be in the range 50°-150° per minute, 
and the second soak temperature may be in the range 2100° -
2400° C. 30 invention, the boron carbide body 10 does not include any 
phases resulting from a non-native sintering agent in that a 
process for forming boron carbide body 10 according to the 
preferred embodiment does not necessitate the use of sinter-
ing agents. Therefore, the preferred embodiment, other than 
A method for preparing a boron carbide body according to 
another aspect of the present invention includes providing a 
boron carbide powder mass that includes boron carbide par-
ticles of a plurality of different dimensions, separating boron 
carbide particles of a selected diameter or smaller from the 
boron carbide power mass, forming a boron carbide green 
body from the separated boron carbide particles, and pres-
sureless sintering the boron carbide green body to obtain a 
sintered boron carbide body. 
35 
impurities, residues and phases, resulting from elements 
native to the starting material (e.g. graphite), only includes 
boron carbide. 
In the preferred embodiment, the separating step is carried 40 
out by centrifuging an aqueous suspension of the boron car-
bide mass. In addition, preferably the boron carbide green 
body is pressureless sintered by heating the boron carbide 
green body at a first heating rate to a first soak temperature in 
the presence of He/H2 gas mixture or in vacuum for a first 
period of time followed by heating the boron carbide body to 45 
a second soak temperature at a second heating rate for a 
second period of time. If the boron carbide body is soaked in 
the presence of the gas mixture, it is preferred to have the 
boron carbide body soak for an additional period of time in 
the presence of He in order to purge H2 from interstitial 50 
locations within the body of the boron carbide. The first 
heating rate may be in the range 50°-150° per minute, and the 
first soak temperature may be in the range 1100°-1400° C., 
while the second heating rate may be in the range 50°-150° 
per minute, and the second soak temperature may be in the 55 
range 2100°-2400° C. 
Other features and advantages of the present invention will 
become apparent from the following description of the inven-
tion which refers to the accompanying drawings. 
A method for preparing a boron carbide body according to 
the present invention includes, forming a boron carbide green 
body, creating a boron-rich vapor environment around the 
boron carbide body to suppress preferential volitalization of 
boron from boron carbide, and sintering the boron carbide 
body. To create a boron-rich vapor either the boron vapor 
from the boron carbide body can be restricted or prevented 
from escaping by placing a boron nitride body in the proxim-
ity of or in contact with the boron carbide body, or by packing 
the boron carbide body in coarse-grained boron carbide 
which creates a boron-rich vapor from which the specimen 
benefits and yields a favorable result. It is preferred to have a 
boron nitride body in contact with the boron carbide green 
body. Preferably, the boron carbide body is pressureless sin-
tered according to the method set forth in U.S. patent appli-
cation Ser. No. 10/867,442 (set forth below), and after pres-
sureless sintering the sintered body can be further sintered 
through a high isostatic pressing step (post-HIP step) as set 
forth in Ser. No. 10/867,442. 
Specifically, U.S. patent application Ser. No. 10/867,442 
(assigned to the assignee of the present application) discloses 
t~at l~mited densification in pressureless sintering without 
smtenng agents may be due to the presence ofB20 3 coatings 
on B4C particles. It is further disclosed that the vaporization 
BRIEF DESCRIPTION OF THE DRAWINGS) 
60 of B20 3 coatings permits direct B4C-B4 C contact, and a 
corresponding surge in densification between 1870 and 2010° 
C. 
FIG. 1 shows a top plan view of a boron carbide body 
according to the present invention. 
FIG. 2 shows a cross-sectional view of the boron carbide 65 
body of FIG. 1 along line 2-2 viewed in the direction of the 
arrows. 
Briefly, according to the disclosure of Ser. No. 10/867,442, 
to remove B20 3 coatings, B4 C green body specimens are 
heated at a temperature between 1100° C.-1400° C. in a 
furnace and in the presence of a flowing He-H2 gas mixture 
or in vacuum. If the gas mixture is used, prior to pressureless 
US 7,854,190 B2 
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HIPing to enhance its ballistic capabilities. To post-HIP a 
boron carbide body it is believed that a relative density of 93% 
or more is required. 
The example illustrated by FIGS. 1 and 2 shows a cylin-
drical body. The present invention is not restricted to a cylin-
drical body, however. Other complex bodies having other 
shapes are within the present invention. For example, a B4C 
body according to the present invention can be shaped to 
become part of an armor arrangement. Specifically, a B4C 
sintering, hydrogen is fully purged from the furnace chamber 
before continued heating. Otherwise, it is believed, hydrogen 
residing in interstitial locations within B4C particles facili-
tates increased evaporation/condensation coarsening ofB4 C, 
and consequently lower final densities. To purge hydrogen, 
the specimens can be soaked in He or held in vacuum for a 
period of time prior to pressureless sintering. In order to 
create the boron-rich vapor, in one embodiment, the He flow 
rate may be reduced to prevent the boron vapor from escap-
ing. 
Thereafter, (after driving B20 3 out) the boron carbide body 
is heated in the presence of He at a heating rate in the range 50 
to 150° C./minute to a soaking temperature selected from the 
range 2100 to 2400° C., and held at the soaking temperature 
until the shrinkage rate is about 0.005%/minute. 
10 
body according to the present invention may be shaped to 
become part of a personal armor or an armor part that follows 
the contours of a part of a human body (male or female) such 
as a human head, torso, back, groin, arm, leg, shoulder, or hip. 
Referring to FIG. 3, a B4 C based component according to the 
present invention can be an insert 26 fabricated for thorax 
In addition, Ser. No. 10/867,442 teaches that pressureless-
sintered specimens can be further densified with a post-HIP 
step. The components so densified reached RD values above 
99% when pressed under 310 MPa of gas pressure. 
15 protection which generally follows the contours of the thorax 
of a human body. Thus, for example, an insert can be fabri-
cated that generally follows the contours of the body of a 
female human, or a male human. 
Pressureless sintering should be kept below 2336° C. in 
20 
order to avoid the decomposition of boron carbide, which can 
have adverse effects on the mechanical properties of the 
boron carbide article. Further, the pressureless soaking tem-
perature should not exceed 2317° C. in order to prevent 
graphite formation which can also have negative effects on 
the mechanical properties of the boron carbide article. U.S. 25 
patent application Ser. No. 11/311,026, (assigned to the 
assignee of the present invention) which discloses an 
improvement of the method set forth in Ser. No. 10/867,442, 
discloses the underlying details for the beneficial results that 
may be attained when the soaking temperatures are selected 30 
in the ranges set forth above. The disclosure of Ser. No. 
11/311,026 is incorporated by reference. 
According to the preferred embodiment of the present 
invention no sintering agent is used to dope the boron carbide 
powder that is used to form the boron carbide green body. 35 
However, there is no specific restriction on the method of 
forming the boron carbide green body. That is, the boron 
carbide body can be formed using any known method includ-
ing slip casting, CIPing, or the like. 
Referring to FIG. 4, a B4C component 20 according to the 
present invention can be fabricated to fit inside a helmet 
which generally follows the contours of the outer surface of a 
human skull. It is estimated that an insert 20 of0.2" thick can 
be as light as 1.5 pounds. 
Referring to FIG. 5, a B4 C component according to the 
present can be fabricated for limb protection which generally 
follows the contours of a portion of a limb of a human body. 
Thus, for example, a component can be fabricated that gen-
erally follows the contours of thigh 22, a shin 24, or a knee 26 
portion of a human body. 
An insert according to the present invention, unlike armor 
inserts of the prior art, is a monolithic, one-piece body, rather 
than an armor part that is made from small tiles or the like flat 
plates that are supported on a backing material. It is, there-
fore, expected that a part fabricated according to the present 
invention will have superior ballistic properties. The present 
invention, however, can be used to form ballistic tiles to be 
used in prior art armor arrangements. An example of such a 
boron carbide tile 28 according to the present invention is 
shown in FIG. 6. 
A boron carbide component according to the present inven-
The method for removing the boron oxide in the preferred 
embodiment of the present invention is essentially the same 
40 tion is not limited to ballistic application. For example, refer-
ring to FIG. 7, a boron carbide nozzle 30 for slurry pumping 
and grit blasting having excellent abrasion resistance can be 
fabricated without significant post-fabrication shaping-re-
as that set forth in Ser. No. 10/867,442 and the improvement 
thereofas set forth in U.S. patent application Ser. No. 11/311, 
026. Briefly, the method includes heating the green body to a 
temperature between 1100° C. and 1400° C. in the presence 45 
of a gas mixture of H2 and He or in vacuum in order to drive 
the boron oxide out and obtain a reduced boron carbide body. 
Thereafter, if the gas mixture was used, the reduced boron 
carbide body is maintained at the same temperature in the 
presence of either flowing He or in vacuum in order to drive 
50 out any H2 residing interstitially in the reduced boron carbide 
body. The time required for driving out the boron oxide and 
for driving out the residual H2 can vary. Ser. No. 10/867,442 
calls for 30-120 minutes for driving out the boron oxide and 
120-480 minutes for driving out the residual hydrogen. These 
time values may change depending on the size of the boron 55 
carbide green body. It is noteworthy that vacuum is as effec-
tive as H2 for removing B2 0 3 . The H2 reacts with B2 0 3 to 
form gases which are then removed. Vacuum removes the 
vapor that is produced by B2 0 3 , which results in further 
vaporization of B20 3 until it has all been removed. 
After the H2 is driven out, the reduced and purged boron 
carbide body is heated to the soaking temperature and is held 
at that temperature in the presence of He until the shrinkage 
rate of the sintered boron carbide body reaches about 0.005%/ 
minute. Thereafter, the boron carbide body is cooled. 
A pressureless sintered boron carbide body according to 
the present invention can be further densified through post-
lated activities such as machining. 
A process according to the present invention can be used to 
form other complex-shaped boron carbide components. For 
example, as seen in FIG. 8, a boron carbide component 
according to the present invention can be a boron carbide 
crucible 32. 
A B4 C component according to the present invention can 
also be used in vehicle and aircraft armor. In both cases, and 
specifically in the case of an aircraft, the weight of the armor 
is an important factor. 
Example 1 
The following illustrates and example of a boron carbide 
body and a method of manufacturing thereof according to the 
present invention. Boron carbide powder was pressed into 
cylinders of 6 .44 mm in diameter and height of approximately 
60 5 mm at 300 MPa to achieve a green density of about 66%. In 
one case, a specimen was placed on coarse-grained boron 
carbide powder, while in the other case a specimen was placed 
on a pressed disk of hexagonal boron nitride of dimensions 
4.45 cm diameter by about 5 mm in height. The specimens 
65 were heated in a graphite heating element, graphite insulation 
furnace. The specimens were heated at the rate of 50° C. mm 
to 1300° C. in flowing 50:50 He/H2 gas mixture soaking at 
US 7,854,190 B2 
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that temperature for 30 min, followed by an additional two 
hour soak in flowing pure He. This was followed by heating at 
100° C./min to 2250° C. in flowing helium and held for one 
hour. Specimens were then cooled at 50° C./min in flowing 
He. After reaching room temperature, these specimens were 
removed from the furnace and the top and bottom surfaces 
were ground using abrasive paper (120 grit SiC, Struers, 
Cleveland, Ohio) to remove near-surface debris (this abrasion 
was not believed to remove any sintered B4 C). The specimens 
were cut along the radial direction at the axial centers. The 
10 
surface (before cutting) opposite that in contact with the setter 
(either B4C or hexagonal BN was then irradiated by X-ray 
diffraction (XRD, PW 1800 powder X-ray diffractometer, 
Phillips, Mahwah, N.J.), the results of which are shown in 
FIG. 9. The cut surfaces, representing the centers of the speci-
mens, where also analyzed with XRD, the results of which are 15 
shown in FIG. 10. 
FIGS. 9and10 show comparisons ofB4 C powders before 
heat treatment, heat-treated with a BN setter, and heat-treated 
without a BN setter (B4 C powder setter). FIG. 9 shows an 
XRD plot for the surface of a specimen in which BN setter 20 
was used (plot 32), in which a BN setter was not used (plot 
38), and a plot forthe boron carbide powder (plot 40). FIG. 10 
shows an XRD plot for the central portion of a specimen in 
which BN setter was used (plot 34), in which a BN setter was 
not used (plot 42), and a plot for the boron carbide powder 25 
(plot 40). 
Referring specifically to plot 34 of FIG. 9, when a BN setter 
was used, graphite was eliminated (to the level of detection by 
XRD) from the near-surface of the specimen (the penetration 
depth for x-ray diffraction is about 25 µm). Referring specifi-
30 
cally to plot 36 of FIG. 10, based on the peak area, there was 
a clear reduction in free graphite content in the center of 
specimens in which a BN setter was used. 
Without being bound by theory, it is believed that at tem-
peratures approaching and at the soaking temperatures of 
2250° C., the BN setter created a substantial vapor pressure of 35 
boron or boron-bearing gaseous species. These gases reacted 
with carbon in the B4C compact to form more boron carbide, 
as well as suppressing the tendency of boron carbide at these 
temperatures to form a vapor which is boron rich, leaving 
carbon behind. As the external vapor phase had better access 40 
to near-surface regions than regions closer to the specimen 
center, free graphite near the center was reduced but not 
eliminated. This would be increasingly true as the specimen 
sintered to approach the condition of closed porosity. 
As is commonly-known by those knowledgeable in the 45 
field, the hardness ofB4C decreases with increasing content 
of free carbon (graphite) second phase. A method according 
to the present invention eliminates graphite from near surface 
regions, which would significantly increase the hardness, and 
corresponding mechanical (including wear and ballistic) 50 
properties of the sintered body. 
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smaller (e.g. 1 micron or less in diameter) are separated from 
a boron carbide powder mass that includes boron carbide 
particles of a plurality of different dimensions, a green body 
is formed using any known method from the powder contain-
ing the separated boron carbide particles, and then the green 
body is sintered. The green body formed from the separated 
particles is sintered according the process set forth above and 
disclosed in U.S. patent application Ser. Nos. 10/867 ,442 and 
11/311,026. Further, in the preferred method, the boron car-
bide particles are separated by centrifuging, although other 
methods can be used to carry out the separating step. The 
following provides details of an example of a process accord-
ing to the present invention. 
Example 2 
The following details an example of a method for manu-
facturing a boron carbide body using the improved method set 
forth above. The boron carbide powder used in a process 
according to the present invention indicated a powder having 
particles of various sizes, as indicted by the Certificate of 
Analysis provided by the supplier (H.C. Stark, HS-grade). 
Specifically, the certificate indicated the d50 particle size to be 
0.84 µm, with a d90 of 2.73 µm and a d10 of 0.2 µm. A 
centrifuge (GS-6, Beckman-Colter, Fullerton, Calif.) with 
500 ml bottles was used as means to carry out the separating 
step. Forty grams ofH.C. Starck HS powder, as received, was 
put in 400 ml of deionized water, shaken, and placed in the 
centrifuge. Using Stokes law, the target rpm to settle> 1.0 µm 
boron carbide particles was 200g (where g is the acceleration 
of gravity) (1000 rpm) for 10 minutes. The supernatant after 
centrifuging was decanted and dried in an oven at 105° C. The 
dried powder was crushed by mortar and pestle and shaken 
through a 100 mesh screen. 
The powders were then pressed into cylinders and sintered 
in a graphite furnace, set on a graphite stand, using conditions 
as enumerated in Example 1 (with the exceptions enumerated 
below). After sintering heat treatment, the relative densities of 
the specimens were measured using Achimedes principle 
(deionized water used as the immersion fluid), based on a B4C 
theoretical density of 2.52 g/cm3 . The results are given in 
Table 1. In Sample #2 the specimen was exposed to a 
mechanical-pump vacuum at 1300° C. for 30 min, which 
served the same purpose of extracting B2 0 3 coatings on B4 C 
particles as did the HiHe treatments. Two different soaking 
temperatures were evaluated, 2200° C. and 2250° C. In all 
cases, measured relative densities were surprisingly found to 
be in excess of 98%. In cases in which the uniaxial pressing 
pressure was lower, the propensity for formation of radial 
cracks was diminished. These cracks are observed, more 
often with larger parts, because of the non-uniform particle 
packing after uniaxial compression of the powder. Lower 
pressing pressures attenuated this problem without sacrific-
ing the final sintered relative density. Cold isostatic pressing 
after uniaxial pressing is also well known to eliminate this 
problem. 
The results obtained were significant since relative densi-
ties typically obtained without centrifuging the powders in 
the previous work was about 96.5%. Significantly, relative 
densities above 98% are the same as those obtained after hot 
Note that, as disclosed above, a boron-rich vapor can be 
created by packing the boron carbide body in coarse boron 
carbide or by reducing the He flow rate. The positive effects of 
the latter two embodiments have been observed. Specifically, 
55 
it has been observed that specimens prepared according to the 
prior art have a thin layer of graphite on the exterior thereof 
which can be easily rubbed off to expose the boron carbide 
below. However, when either of the foregoing two methods 
are used, the surfaces of the specimens are in fact boron 
carbide (no soft black surface residue). 
It has also been found that the relative density of a boron 
carbide body prepared according to the pressureless sintering 
method as set forth herein and in U.S. patent application Ser. 
Nos. 10/867,442 and 11/311,026 can be further improved by 
the refinement of the boron carbide powder prior to forming 65 
the green body. Specifically, according to the improved 
method boron carbide particles of a selected diameter or 
60 pressing, without the shape restriction imposed by hot press-
ing. Specifically, it should be noted that a process in which 
particles are separated as set forth herein can be used to form 
complex shapes such as the one illustrated by FIGS. 3-9 and 
described herein. Hence boron carbide components can be 
fabricated in complex shapes with materials properties com-
parable to those B4 C components fabricated from hot press-
ing. 
US 7,854,190 B2 
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TABLE 1 
Green Body and Firing Conditions of Centrifuged Powders, and Resulting Relative Densities 
Uniaxial Soak 
Sample Pressure Oxide Temperature 
Number (MPa) Removal cc c.) 
1. 300 H2 2200 
2. 600 Vacuum 2200 
3. 300 H2 2250 





61.0% 4 ... 93 
64.0% 4 ... 93 
61.7% 3 ... 84 








2. The component of claim 1, wherein said boron carbide 
body is a part of an armor arrangement. 
3. The component of claim 1, wherein said boron carbide 
body is a part of a personal armor arrangement. 
Note that a process according to all of the embodiments 15 
disclosed above can be further improved if the boron carbide 
powder is ultrasonically vibrated in the die prior to forming 
the green body. It has been observed that a green relative 
density of 55% is obtained, as opposed to a 50% relative 
density without it, when the boron carbide powder is vibrated. 
4. The component of claim 3, wherein said personal armor 
20 arrangement is a helmet. 
Although the present invention has been described in rela-
tion to particular embodiments thereof, many other variations 
and modifications and other uses will become apparent to 
those skilled in the art. It is preferred, therefore, that the 
present invention be limited not by the specific disclosure 
herein, but only by the appended claims. 25 
What is claimed is: 
1. A component comprising: 
a unitary, single piece, monolithic, sintered boron carbide 
body consisting essentially of boron carbide and graph-
ite and comprising entirely of ceramic, said unitary, 30 
single piece, monolithic, sintered boron carbide body 
having an exterior surface, a center region which 
includes boron carbide, and a region that includes boron 
carbide surrounding and adjacent said center region and 
extending continuously from said center region to said 35 
exterior surface, wherein the concentration of graphite 
in said region surrounding and adjacent said center 
region is less than the concentration of graphite of said 
center region, and wherein said region surrounding and 
adjacent said center region is essentially free of graphite. 
5. The component of claim 3, wherein said personal armor 
arrangement is shaped to the contours of a part of a human 
body. 
6. The component of claim 3, wherein said part of said 
human body is head, or torso, or back, or groin, or arm, or leg, 
or shoulder, or hip. 
7. The component of claim 3, wherein said contour corre-
sponds to either a male body or a female body. 
8. The component of claim 1, wherein said boron carbide 
body is a part of a vehicular armor arrangement. 
9. The component of claim 1, wherein graphite content of 
said region surrounding said center region is less than 0.05% 
by mole. 
10. The component of claim 9, wherein said region sur-
rounding said center region is at least 25 microns thick. 
11. The component of claim 1, wherein said region sur-
rounding said center region is at least 25 microns thick. 
* * * * * 
